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Introduction
The U.S. Geological Survey conducts earth-science research, including field studies, so as to provide advance recognition and warning of many types of geologic-related hazards. Geologic processes and conditions that could result in harm to people and damage to property include earthquakes, landslides, mudflows, faulting and fissuring of the ground surface, glacialrelated phenomena such as release of glacier-dammed lakes and rapid ice surges or retreats, and land subsidence.
Subsidence is a local mass sinking of the ground surface. One current activity in geologic hazards research deals with ground subsidence over underground openings formed by dissolution of soluble rocks such as salt and limestone (Ege 1979a, b) . The Solution Subsidence and Collapse project is funded by the Reactor Hazards Research Program, a Geological Survey program directed at expediting the safe siting and design of power reactors in the United States through topical and regional studies of major geological hazards. The program is intended to identify and improve our understanding of geologic processes that may be hazardous to nuclear power reactors and to determine geographic distribution and expected frequency and severity of these processes in order to facilitate the safe siting and design of civilian power reactors.
This report summarizes experience in ground subsidence and collapse over cavities formed by either natural or artificial means in saline rocks.
Examples of collapse of naturally formed cavities in saline rocks of the central United States and west-central Canada derived from the literature are cited. In addition, instances of rapid ground subsidence related to man's activities in salt-bearing rocks are described. This information is presented to provide a broad outline of some of the problems that must be faced in the siting of nuclear-powered generating stations in areas of the United States underlain by saline rocks.
Subsidence Processes
It is appropriate here to briefly introduce the viewpoints of several researchers involved in subsidence investigations so as to provide some basis for discussing mechanisms relative to subsidence in saline rocks. When an underground opening is created, the rock strata are disturbed and the initial equilibrium conditions are altered. In discussing the many factors involved in producing subsidence, Stefanko (1973, sec. 13, p. 2) cites the span of the opening as one of the most important. He continues that if the width of the opening is relatively small, the overlying rock strata can bridge across the void and little movement or convergence will take place. However, as the span increases in length, a point is reached where the stress in the overlying rock strata exceeds some strength value of the rock and the roof ruptures. If the span of the opening is limited to some subcritical value, or is at a great depth, a pseudo-arch will form that stabilizes the region around the void before any rupturing reaches the surface. On the other hand, if the width of this opening is increased to some critical value, or the same void is placed at a shallower depth, the overlying rock will progressively fail to the surface resulting in subsidence. Obert and Duvall (1967, p. 554-581) list at least four subsidence mechanisms related to closure of underground openings and identify them as trough subsidence, subsurface caving, plug caving, and chimneying. These processes, according to the authors, depend on both the time-dependent and time-independent characteristics of the rock and on the stress conditions created in the rock by the geometry of the opening.
Trough subsidence, the most commonly observed type of surface subsidence, generally occurs over openings in relatively horizontal thin-bedded deposits overlain by stratified sedimentary rocks. If the opening is enlarged and is accompanied by roof and floor convergence, then surface subsidence manifested by vertical and lateral surface displacements will occur almost immediately.
An idealized profile of a subsidence trough and pattern of vertical and horizontal displacements and horizontal strains over an infinite opening perpendicular to the page was described by Rellensmann in 1957 (fig. 1 ).
Vertical displacement is maximum over the center of the excavation (point F) and extends beyond the lateral limits of the excavation. The lateral surface strain is tensile outside the limits of the opening and compressive within the limits. Lateral strain is zero at point D and corresponds to the surface displacement inflection point (B). Maximum horizontal strain appears at C and surface tension cracks would be expected to form at A. The angle of break (a ) is the angle between the horizontal and the line connecting the edge of the opening with the point of maximum surface tensile strain (A). fig. 2 ). At some width of span the caving will sustain itself and continue until the void is filled with broken rock. As ore is drawn from the block, the overlying broken ore and rock will subside, creating a void into which additional rock can fall. The cave will thus migrate toward the surface at a rate determined largely by the rate at which the ore is drawn.
Chimneying is a type of cave that initiates over a relatively small area and progresses rapidly, sometimes in a matter of days, to the surface by a succession of failures or sloughs. The cross-sectional area over the length of the hole formed is usually constant and of small diameter. Although the mechanism that causes chimneying may be similar to that of progressive caving, the fact that its formation is so rapid and unpredictable, and that it affects a small area seems to make this procedure unique.
Plug caving is characterized by a sudden lowering en masse of the overburden covering an unsupported opening and is usually accompanied at the surface by venting and a dust cloud. The subsidence plug seems to involve a distinctly unique mechanism and Obert and Duvall (1967) Sowers attributes ultimate failure development to some change in the total environment ground water, stress, or change in the materials involved.
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Figure 5. Generalized section through Meade Basin showing postulated groundwater circulation down fault planes and laterally along permeable beds where adjacent salt beds are dissolved causing development of solution subsidence features (modified from Frye and Schoff, 1942 (Nicholson and Clebsch, 1961, p. 13-17, 46-47; Bachman and Johnson, 1973, p. 25-34) .
Man-induced subsidence
Subsidence related to man's activities in evaporite rocks is usually a result of some form of mining or drilling operation or construction activity. Conventional mining of bedded salt and potash deposits is similar to coal mining and the subsidence mechanisms of these mining methods are likewise similar (Obert and Duvall, 1967, p. 555) . Solution extraction of salt and other soluble evaporites is a specialized mining technique and subsidence produced by this procedure has its unique problems (Marsden and Lucas, 1973) . Drilling through aquifers and salt beds in search of oil, gas, and water has occasionally resulted in induced salt dissolution and subsequent subsidence (Fader, 1975) . Construction of highways, dams, and reservoirs over saline or gypsiferous rock has resulted in subsidence, water loss, and dam failures (Burgat and Taylor, 1972; Sill and Baker, 1945) . is used to coalesce a system of wells into a gallery. The rock is split at the desired depth by application of pressured water in a sealed interval of the boring. Once a fracture is initiated pressure is maintained until it intersects an adjacent target well. Solutioning along the induced fracture commences brine productions (modified from Quiero, 1977) . Post-subsidence drilling of the collapse area as part of an SMRI-Cargill investigation indicated that an elongate northeast-southwest cavity lay beneath the sinkhole which paralleled northeast-southwest trending producing wells that were hydraulically connected ( fig. 11 ). The long dimension of the gallery may be more than 400 m in length (Walters, 1977) , which apparently exceeded the span capabilities of the overlying rock layers. This, in turn, caused roof-rock failure which progressed by sequential collapse of the overlying rock layers until the uppermost rock layer was breached.
Several examples of land subsidence associated with oil and gas operations in central Kansas are described by Walters (1977, p. 31-75) .
Underground oil in central Kansas is associated with gas-and water-driven brine aquifer reservoirs. The oil is separated from the brine and the undersaturated salt water is disposed of underground in brine disposal wells that penetrate a permeable formation, dolomite of the Arbuckle Group, able to receive and store the waste liquid. In a few instances, particularly in salt disposal wells, improperly sealed casing or casing that has been corroded and breached has allowed undersaturated saltwater to come in contact with salt Ontario (Terzaghi, 1970) . Two studies on the Grosse He events were commissioned and published by the SMRI. Landes and Piper (1972) Additional study is needed in understanding the alteration of the in situ stress field caused by cavity formation, the effect of ground water on the subsidence process, and especially the behavior of the geologic materials overlying the solution cavity when they are subjected to downwarping and subsequent displacements and stress changes.
